When plants are subjected to a deficiency in inorganic phosphate (Pi), they exhibit an array of responses to cope with this nutritional stress. In this work, we have characterized two Arabidopsis mutants, hps3-1 and hps3-2 (hypersensitive to Pi starvation 3), that have altered expression of Pi starvation-induced (PSI) genes and enhanced production of acid phosphatase (APase) when grown under either Pi sufficiency or deficiency conditions. hps3-1 and hps3-2, however, accumulate less anthocyanin than the wild type when grown on a Pi-deficient medium. Molecular cloning indicated that the phenotypes of hps3 mutants were caused by mutations within the ETO1 (ETHYLENE OVERPRODUCTION 1) gene. In Arabidopsis, ETO1 encodes a negative regulator of ethylene biosynthesis, and mutation of ETO1 causes Arabidopsis seedlings to overproduce ethylene. The ethylene biosynthesis inhibitor aminoethoxyvinyl glycine or the ethylene perception inhibitor Ag + suppressed all the mutant phenotypes of hps3. Taken together, these results provide further genetic evidence that ethylene is an important regulator of multiple plant responses to Pi starvation. Furthermore, we found that a change in ethylene level has differential effects on the expression of PSI genes, maintenance of Pi homeostasis, production of APase and accumulation of anthocyanin. We also demonstrated that ethylene signaling mainly regulates the activity of root surface-associated APases rather than total APase activity.
Introduction
The phytohormone ethylene plays important roles in regulating plant growth and development, such as root hair formation, leaf and flower senescence and abscission, fruit ripening and nodulation (Wang et al. 2002) . Ethylene is also involved in plant adaptations to a variety of stresses. Almost all plant cells are able to produce ethylene, and the ethylene biosynthesis pathway in higher plants has been well elucidated (Kende 1993) . Synthesis starts with the conversion of methionine to S-adenosyl methionine (AdoMet) by methionine adenosyltransferase. AdoMet is then converted by 1-aminocyclopropane-1-carboxylic acid (ACC) synthase (ACS) to ACC, which is finally transformed into ethylene by ACC oxidase. The conversion of AdoMet to ACC is the rate-limiting step in ethylene biosynthesis. In Arabidopsis, ETO1 (ETHYLENE OVERPRODUCTION 1) is a negative regulator of ethylene production (Woeste et al. 1999) . It encodes a protein containing a BTB domain and six TPR motifs, which can directly bind to the C-terminus of ACS5 (Wang et al. 2004) . Upon this binding, ETO1 inhibits the enzymatic activity of ACS5 and targets it for 26S proteasome-mediated degradation. Mutation of ETO1 causes Arabidopsis seedlings to overproduce ethylene (Wang et al. 2004) .
The current study concerns the role of ethylene in plant responses to deficiencies in inorganic phosphate (Pi). Today, in most soils, the Pi concentration is below the level required for optimal plant growth (Schachtman et al. 1998 , Raghothama 1999 . To cope with this nutritional stress, plants have developed some sophisticated strategies, which include changes in root architecture (i.e. inhibition of primary root growth and promotion of lateral root and root hair formation), increased expression of Pi transporter genes, induction and secretion of acid phosphatases (APases) and RNases, and accumulation of anthocyanin and starch (Yuan and Liu 2008) . It is believed that these biochemical, physiological and developmental responses help plants acquire and utilize Pi under Pi-limited conditions; however, the signaling mechanisms that regulate these responses remain largely unknown. Several reports have suggested that ethylene might be an important mediator of plant responses to Pi starvation (for a review, see Nagarajan and Smith 2012) . When grown under Pi deficiency, the roots of common bean produced twice as much ethylene as roots grown under normal conditions (Borch et al. 1999 ). An increase in ethylene production has also been documented for Pi-starved tomato and Medicago falcate plants (Kim et al. 2008 , Li et al. 2009 ). In addition, Pi deficiency can enhance the sensitivity of maize roots to ethylene (He et al. 1992) . Our previous understanding of the roles of ethylene in plant responses to Pi deficiency, however, are mainly limited to ethylene's modulation of root development, including Pi starvation-induced (PSI) inhibition of primary root growth and root hair formation (Ma et al. 2001 , Schmidt and Schikora 2001 , Ma et al. 2003 , Zhang et al. 2003 , Kim et al. 2008 . In Arabidopsis, the role of ethylene in mediating PSI changes in root development has been analyzed in detail (Peret et al. 2011) . Using various ethylene signaling mutants or application of ethylene precursors and inhibitors of ethylene biosynthesis or signaling, Zhang et al (2003) concluded that ethylene played an important role in PSI root hair formation. The roles of ethylene in PSI root elongation have also been examined (Borch et al. 1999 , Lopez-Bucio et al. 2002 , Ma et al. 2003 , Kim et al. 2008 . In a recent report, Nagarajan et al. (2011) showed that overexpression of an Arabidopsis high affinity Pi transporter, Pht1:5, reduced primary root length and increased formation of root hairs under normal growth conditions. The altered primary root and root hair phenotypes could be reversed by application of the ethylene biosynthesis inhibitor aminoethoxyvinyl glycine (AVG) and the ethylene perception inhibitor Ag + . Microarray analyses have shown that the expression levels of some ethylene biosynthetic genes increased in Pi-starved root tissues (Chacon-Lopez et al. 2011 , Mission et al. 2005 , Thibaud et al. 2010 .
Although both increased ethylene biosynthesis and increased ethylene responsiveness seem to be involved in regulating root elongation under Pi-limited conditions, it was unclear until recently whether ethylene is involved in the regulation of other plant responses to Pi starvation. Our recent genetic and molecular study of the Arabidopsis mutant hps2 (hypersensitive to Pi starvation 2) revealed that ethylene is also involved in regulation of PSI gene expression and production of APase and anthocyanin (Lei et al. 2011b ). Subsequently, Li et al (2011) showed that induction of root APase in M. falcate could be stimulated by ACC under Pi-sufficient conditions but that induction of root APase was blocked by AVG under Pi deficiency.
In this study, we have characterized two Arabidopsis mutants, hps3-1 and hps3-2, that exhibit similar phenotypes to hps2, i.e. they overproduce APase, have an increased expression of PSI genes and accumulate less anthocyanin than the wild type (WT) under Pi-deficient conditions. Molecular cloning indicated that hps3 mutants carry mutations in the ETO1 gene. Application of AVG or Ag + reversed the hps3 phenotypes to the WT. These results provide additional genetic evidence for our previous finding that ethylene is an important regulator of multiple responses of plants to Pi starvation. Our detailed characterization of hps3 mutants further indicated that a change in the ethylene level has differential effects on the expression of PSI genes, maintenance of Pi homeostasis, production of APase and accumulation of anthocyanin. We also report that ethylene signaling mainly regulates the activity of root surface-associated APases rather than the total APase activity.
Results

Identification of the hps3 mutants
To search for novel signaling components involved in regulation of plant responses to Pi starvation, we carried out a large-scale screen for Arabidopsis mutants with altered Pi starvation responses. Induction and secretion of APases is a universal response of plants to Pi deficiency (Tran et al. 2010) . The PSI APase on the root surfaces can be revealed by application of the APase substrate 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) (Lloyd et al. 2001 ). Cleavage of BCIP by APase produces a blue precipitate. Using this method, we recovered two Arabidopsis mutants from an ethylmethane sulfonate (EMS)-mutagenized mutant library. When grown under Pi deficiency, the 8-day-old seedlings of these two mutants showed stronger blue staining on their root surfaces than the WT (Fig. 1B, C) (herein, the term of 'day-old' was defined as 'days after the seed plates were placed in the growth room'. Under our experimental conditions, it took 24 hours for all the seeds to achieve germination). Even under Pi-sufficient conditions, a weak blue staining on the root surfaces was evident for these two mutants but not for the WT. An allelism test confirmed that the two mutants were allelic to each other. Thus, we named the mutants hps3-1 and hps3-2 for hypersensitive to Pi starvation 3.
hps3 overproduces root surface-associated APases Quantitative analysis showed that under Pi-sufficient (P+) conditions, APase activity in total shoot or root protein extracts did not differ significantly between the WT and the two mutants (Fig. 1D) . Under Pi-deficient (PÀ) conditions, total APase activity in shoots was about 5% greater for the two mutants than for the WT, but APase activity in the root tissues did not differ between the WT and the two mutants. We further compared the root surface-associated APase activity between the WT and hps3 mutants. The results showed that the root surfaceassociated APase activity was much higher in hps3-1 and hps3-2 than in the WT under both P+ and PÀ conditions (Fig. 1E) . This indicated that the mutation of the HPS3 gene mainly affected the activity of secreted root surface-associated APase rather than total APase activity. In addition, under both P+ and PÀ conditions, these two mutants had shorter primary roots and more and longer root hairs than the WT. The BCIP staining and root growth phenotypes of hps3 mutants grown on P+ medium mimic a constitutive, Pi starvation response (Fig. 1A, C) . 
Expression of PSI genes is altered in the hps3 mutants
To determine the effect of the hps3 mutation on other plant responses to Pi starvation, we examined the expression level of six PSI genes in both the WT and hps3 mutants. The PSI genes examined included a high-affinity Pi transporter AtPT1 (Muchhal et al. 1996) , a non-coding transcript At4 (Martín et al. 2000) , an RNase RNS1 (Bariola et al. 1994) , an miRNA399D (Fujii et al. 2005 ) and two APases, ACP5 (AtPAP17) (del Pozo et al. 1999) and AtPAP10 (Wang et al. 2011) . Total RNAs were extracted from 4-and 8-day-old seedlings grown on P+ or PÀ medium, and the expression of these PSI genes was analyzed by quantitative real-time PCR (qPCR). For the 4-day-old seedlings on P+ medium, the expression of RNS1, miRNA399D, ACP5 and AtPAP10 was higher in the two mutants than in the WT ( Fig. 2A) . The expression of At4, however, was lower in the two mutants than in the WT, and the expression of AtPT1 did not differ between the WT and the two mutants. On the PÀ medium, the expression of AtPT1, RNS1, ACP5 and AtPAP10 was higher in the two mutants than in the WT, the expression of miRNA399D was lower for the mutants, and the expression of At4 did not differ between the WT and hps3. For 8-day-old seedlings, similar to the 4-day-old seedlings, the expression of all six PSI genes in the two mutants (except for miRNA399D in hps2-3) was higher than in the WT on the P+ medium (Fig. 2B) . On the PÀ medium, although the fold induction of all PSI genes (except ACP5) in both the WT and the two mutants was much higher than that in the 4-day-old seedlings, the relative expression level of all PSI genes except RNS1 was lower in hps3 than in the WT (Fig. 2B) . To exclude the possibility that the decrease in PSI gene expression in 8-day-old Pi-starved hps3 mutants might be due to the senescence process induced by Pi deficiency, we examined the cellular organization and cell viability at the root tip of the hps3-1 mutant by propidium iodide (PI) staining (Ma et al. 1997 ). Under our experimental conditions, the root tip of 8-day-old Pi-starved hps3 mutants did not become swollen and disorganized ( Supplementary Fig. S1A ). Also, no PI staining of the nucleus was observed, indicating that the cells at the root tip of hps3 were not damaged. We then further compared the expression of six senescence marker genes (Weaver et al. 1998 ) between 8-day-old Pi-starved hps3 and WT seedlings. The expression of these six marker genes in the two hps3 mutants did not differ from that of the WT ( Supplementary Fig. S1B ). These results demonstrated that, under our experimental conditions, the senescence process did not occur in 8-day-old Pi-starved hps3 seedlings.
Pi homeostasis is perturbed in hps3 mutants
Because hps3 mutants have altered expression of PSI genes, which play important roles in Pi signaling, acquisition and remobilization, we investigated whether Pi homeostasis was perturbed in these two mutants. Cellular Pi and total phosphorus (P) contents were determined in the WT and the two hps3 mutants. The level of cellular Pi was slightly higher in the two 4-day-old mutants than in the WT on the PÀ but not on the P+ medium (Fig. 3A) . The total P content, however, was higher in the two mutants than in the WT on both P+ and PÀ media. In contrast, both the cellular Pi and total P contents were significantly lower in the two 8-day-old mutants than in the WT on the P+ medium but did not differ on the PÀ medium (Fig. 3B) . These results also indicated that although both the expression of PSI genes and Pi homeostasis were perturbed in the hps3 mutants, there was no direct causal relationship between the expression level of these six PSI genes and the level of cellular Pi and total P. This is understandable because Pi homeostasis is maintained by the coordinated action of many genes, and we only examined six PSI genes. Interestingly, using the WT as a reference point, we found that the levels of cellular Pi and total P contents were lower in 8-day-old mutant seedlings than in 4-day-old mutant seedlings under both Pi sufficiency and Pi deficiency conditions.
Accumulation of anthocyanin in hps3 is attenuated
Another hallmark response of plants to Pi starvation is the induction of anthocyanin in leaf tissues. Induction of anthocyanin is believed to protect the chloroplast membrane under Pi deficiency (Vance et al. 2003) . Seeds of the WT and the two hps3 mutants were sown directly on P+ and PÀ media. As shown in Fig. 4A , after 12 d of growth, the two cotyledons of the WT had turned purple but those of hps3-1 and hps3-2 remained green. Quantitative analysis indicated that, under Pi deficiency, anthocyanin accumulation was much lower in the two mutants than in the WT (Fig. 4B) . These results indicated that HPS3 negatively regulates PSI anthocyanin accumulation in leaf tissues. The reduced accumulation of anthocyanin in the hps3 mutants may be an indication of alleviation of low Pi stress caused by enhanced expression of PSI genes, overproduction of root-associated APases and formation of a large quantity of root hairs.
HPS3 encodes ETHYLENE OVERPRODUCTION 1
In this work, we used a map-based cloning approach to find molecular lesions in hps3 mutants. hps3-1 (Columbia ecotype) was crossed to a plant with a Landsberg erecta (Ler) background to establish a mapping population. Using F 2 progeny derived from that cross, we mapped the HPS3 gene to a 124 kb region near the bottom of chromosome 3 ( Supplementary Fig. S2 ). Searching through all the genes within this region, we considered that ETO1 was a potential target because a previous study had shown that, when mutated, ETO1 causes similar morphological phenotypes to hps3 mutants, i.e. a shorter primary root and more and longer root hairs (Guzman and Ecker 1990) . We thus sequenced the ETO1 genes in hps3-1 and hps3-2, and found that both mutants carried a point mutation in this gene. In hps3-1, a point mutation of G to A occurred within the fourth exon, which caused a conversion of a glycine to an arginine (Fig. 5A) . In hps3-2, a G to A mutation occurred within the same exon, which converted an alanine to a threonine. We then grew the hps3-1 and hps3-2 mutants along with the WT and the eto1-1 mutant, which was originally identified by Guzman and Ecker (1990) , in the dark. The 4-day-old hps3 mutants and the eto1-1 mutant displayed three significant responses: (i) inhibition of root and hypocotyl growth; (ii) radial swelling of root and hypocotyl; and (iii) exaggerated curvature of the apical hook (Fig. 5B) . These phenotypes represent the characteristic 'triple response' of etiolated seedlings to ethylene. In addition, like hps3 mutants, eto1-1 also showed dark BCIP staining on its root surfaces (Fig. 5C) . To confirm that HPS3 encodes ETO1, we crossed hps3-1 and hps3-2 to eto1-1. F 1 progeny derived from both crosses exhibited similar morphological and BCIP staining phenotypes to their parents ( Fig. 5C ; and data not shown). These results demonstrated that hps3-1 and hps3-2 are new alleles of the ETO1 gene.
Inhibition of ethylene biosynthesis and perception suppresses hps3 mutant phenotypes
If the hps3 mutant phenotypes were caused by overproduction of ethylene, we would anticipate that application of the ethylene biosynthesis inhibitor AVG would suppress these mutant phenotypes, and application of the ethylene precursor ACC to the WT would induce hps3-like phenotypes. Therefore, we examined the effects of AVG (0.2 mM) and ACC (1 mM) on the production of APase and root growth in the WT, the two hps3 mutants and eto1-1. The seeds of the WT, hps3-1, hps3-2 and eto1-1 were directly sown on PÀ medium and grown for 4 d. These seedlings were then transferred to PÀ medium supplemented with ACC, AVG or AVG + ACC, respectively. After another 5 d, the primary root growth and root-associated APase activity of these plants were examined. Our results showed that treatment of the WT with ACC inhibited its primary root growth and increased its root-associated APase activity as revealed by both BCIP staining and quantitative enzyme assays (Fig. 6A-C, E) . In contrast, treatment of AVG suppressed the inhibition of primary root growth of hps3 and eto1-1 mutants (Fig. 6A) . It also greatly reduced root-associated APase activity in the two hps3 mutants and eto1-1, making the levels of APase activity in these plants close to, though not identical to, that of the WT. The suppression by AVG of the inhibition of primary root growth and production of rootassociated APase could be reversed by simultaneous addition of ACC with AVG in the culture medium, indicating that the effect of AVG was through the inhibition of ethylene biosynthesis. Similarly, treatment with ACC and AVG did not affect the level of total APase activity in the WT, the two hps3 mutants and eto1-1 (Fig. 6D) .
To establish further the causal relationship between ethylene and plant responses to Pi starvation, we examined the effect of the ethylene perception inhibitor, Ag + , on PSI root-associated APase and root growth of plants with different genotypes. Seeds of the WT, the two hps3 mutants, eto1-1 and ein2-5 (an ethylene-insensitive mutant) were directly sown on PÀ medium with or without Ag + . After 8 d, the morphological phenotypes and APase activities of these seedlings were examined. When grown on PÀ medium without Ag + , eto1-1 and the two hps3 mutants had short primary roots, formed more and longer root hairs that the WT and displayed a dark blue BCIP staining on their root surfaces (Fig. 7A-C, E) . In contrast, ein2-5 had primary roots whose lengths were similar to those of the WT but whose surfaces showed only light blue BCIP staining (Fig. 7E) . On PÀ medium supplemented with 10 mM Ag + , however, the root morphology and BCIP staining phenotype did not differ among the seedlings of the WT, the two hps3 mutants, eto1-1 and ein2-5 (Fig. 7B, D, F) . Quantitative analysis indicated that treatment with Ag + had only a slight effect on the total APase activity of the whole seedlings of some plants (Fig. 7G) , but dramatically reduced root-associated APase activity in the eto1-1 mutant and the two hps3 mutants (Fig. 7H) . Treatment with Ag + also reduced the overall root-associated APase activity of all the types of seedlings grown on PÀ medium, and the differences among all these seedlings were no longer evident. These results further supported the notion that ethylene plays a positive role in mediating the production of root surface-associated APase under Pi starvation. The effects of Ag + treatment on the accumulation of anthocyanin in Pi-starved seedlings were also investigated. To obtain a greater induction of anthocyanin, we used 3% sucrose instead of 1% sucrose in the medium for this experiment. Five-day-old seedlings of the WT, the two hps3 mutants, eto1-1 and ein2-5 grown on P+ medium were transferred to PÀ medium with or without Ag + . After another 7 d, the morphological phenotypes and anthocyanin accumulation of these seedlings were examined. On the PÀ medium without 
Ag
+ , eto1-1 and the two hps3 mutants accumulated less anthocyanin whereas ein2-5 accumulated more anthocyanin than the WT (Fig. 8A, B) . On PÀ medium supplemented with 5 or 10 mM Ag + , the anthocyanin contents increased in all the plants, and differences among the WT and all the mutants were no longer evident. The increase in anthocyanin content depended on the Ag + concentration. These results further supported previous finding that ethylene is a negative regulator of anthocyanin accumulation in Pi-starved leaf tissue (Lei et al. 2011b) .
Discussion
Plants display a battery of sophisticated responses to cope with Pi-deficient environments. Plant hormones, such as auxin (Lopez-Bucio et al. 2002 , Perez-Torres et al. 2008 ), cytokinin ( Martin et al. 2000 , Franco-Zorrilla et al. 2002 , Wang et al. 2006 , gibberellic acid Fu 2007, Devaiah et al. 2009 ) and ethylene, as discussed here, have been implicated in regulating these responses. Our previous understanding of ethylene's roles in regulating plant Pi starvation responses was mainly limited to root growth and development (Peret et al. 2011) . It was unclear, however, whether ethylene is also involved in other Pi responses, such as expression of PSI genes, production of APase and accumulation of anthocyanin. In our recent attempt to uncover novel signaling components involved in plant Pi responses, we identified an Arabidopsis mutant, hps2, that is hypersensitive to Pi starvation (Lei et al. 2011b ). Under Pi starvation, hps2 showed an enhanced expression of PSI genes, increased production of APase and reduced accumulation of anthocyanin. Under both P+ and PÀ conditions, this mutant has a short primary root and a large number of root hairs, which mimics constitutive Pi starvation responses. hps2 is a new allele of the CTR1 (CONSTITUTIVE TRIPLE RESPONSES 1) gene that is a key negative regulator of the ethylene signaling pathway. Functional disruption of the CTR1 gene causes plants to exhibit a constitutive ethylene response (Kieber et al. 1993 ). In the ethylene-insensitive mutant ein2, in contrast, expression of the PSI genes and induction of APase activity were reduced but accumulation of anthocyanin was enhanced (Lei et al. 2011b ). The results of Lei et al (2011b) demonstrated for the first time that ethylene also plays important roles in mediating other aspects of plant responses to Pi starvation.
In the current work, we identified two other Arabidopsis mutants, hps3-1 and hps3-2, which are allelic to each other. The identification of hps3 mutants was based on the enhanced production of APase activity when the plants were grown under Pi starvation conditions. In the seedling stage, the morphological phenotype of the two hps3 mutants is similar to that of hps2. Molecular cloning indicated that hps3-1 and hps3-2 have a mutation in the ETO1 gene. Previous research has shown that mutation of the ETO1 gene causes Arabidopsis seedlings to overproduce ethylene (Woeste et al. 1999 , Wang et al. 2004 . The effects of the ethylene biosynthesis inhibitor AVG and ethylene perception inhibitor Ag + on hps3 and eto1-1 also demonstrated a link between ethylene overproduction and altered Pi starvation responses in Arabidopsis. Thus, our characterizations of the two hps3 mutants provide further genetic evidence that ethylene is not only a regulator of Pi starvationinduced change in root architecture but is also an important mediator of multiple plant responses to Pi deficiency. Researchers recently reported that induction of APase activity in M. falcate could be stimulated by ethylene under Pi sufficiency but reduced by Ag + under Pi deficiency ). These results are consistent with our studies of hps2/ctr1 and hps3/eto1 mutants.
Although hps2 and hps3 mutants have similar morphologies in the seedling stage, they have strikingly different appearances when mature. Throughout its whole life cycle, hps2 has a dwarf phenotype with small rosette leaves. This is because the ethylene response in hps2 has been constitutively activated. In contrast, the adult morphology of hps3 is similar to that of the WT. A previous study has demonstrated that ethylene biosynthesis in the eto1-3 mutant is developmentally regulated (Woeste et al. 1999) . The production of ethylene peaks in 5-day-old seedlings, then starts to decline, and reaches a level similar to that of the WT in 7-day-old seedlings. This difference between hps2 and hps3 provided us with an opportunity to dissect further the effect of ethylene on plant responses to Pi starvation.
In our previous work (Lei et al. 2011b) , we showed that 8-day-old hps2(ctr1) seedlings had stronger BCIP staining on the root surface than the WT under both P+ and PÀ conditions. Depending on the Pi condition, the total APase activity was also about 10-15% higher for hps2 than for the WT. Although the 8-day-old hps3 seedlings had a high level of BCIP staining, their total APase activity was similar to that of the WT. This led us to discover that the stronger BCIP staining in the roots of the hps3 mutant was mainly due to the overproduction of root surface-associated APases rather than the total quantity of APases in root tissues (Fig. 1D, E) . This was also true for the 12-day-old hps3 and eot1-1 seedlings. Because the ethylene level in the 7-day-old eto1-1 mutant has already decreased to a level similar to that in the WT (Woeste et al. 1999) , the above results indicated that the overproduction of ethylene during early seedling growth had a long-lasting effect on production of root-associated APase. The reason why we did not observe a significant increase of total APase activity in hps3 seedlings was probably that the ethylene response in 8-day-old hps3 was no longer as strong as that in hps2. Similarly, the significant difference in anthocyanin accumulation between hps3 and the WT is still evident at day 12. This indicated that overproduction of ethylene early in seedling growth also has a longlasting effect on anthocyanin accumulation. In other words, the decrease in ethylene level did not have an immediate effect on the enhanced production of root-associated APase and reduced accumulation of anthocyanin in Pi-starved seedlings.
In contrast, a change in ethylene level has a relatively rapid effect on PSI gene expression under Pi deficiency. Under Pi deficiency, the expression of PSI genes is higher in 4-day-old hps3 seedlings than in the WT. The expression of the PSI genes in 8-day-old hps3 seedlings, however, decreased to levels that are even lower than in the WT. This is probably due to the decrease in ethylene biosynthesis in 8-day-old hps3 as discussed earlier (Woeste et al. 1999) , although the absolute level of ethylene in 8-day-old seedlings might still be slightly higher in hps3 mutants than in the WT.
A change in ethylene level has a similar effect on Pi homeostasis to that on PSI gene expression. When the ethylene level had increased in 4-day-old hps3 seedlings, however, these seedlings had a higher cellular Pi content than the WT under Pi deficiency and had a higher total P content under both Pi sufficiency and deficiency. When the ethylene level had declined in the 8-day-old hps3 mutants, the cellular Pi and total P contents also decreased relative to the WT. These results suggest that a change in ethylene level may have an immediate effect on Pi homeostasis in plants. Based on the above discussion, we conclude that, when plants are grown under Pi starvation, ethylene has differential effects in regulating the expression of PSI genes, the maintenance of Pi homeostasis, the production of root-associated APase and the accumulation of anthocyanin.
Regulation of plant responses to Pi starvation is a complex process that involves many factors, including plant hormones, sugars, nutrients (such as nitrate and iron) and reactive oxygen species. Although plant growth and survival depend on the plant's ability to sense changes in external Pi levels, a 'master' sensor (s) has not yet been molecularly identified. However, some data indicate that sucrose may be an early signal that globally regulates plant responses to Pi starvation (Liu et al. 2005 , Karthikeyan et al. 2007 , Lei et al. 2011a ). Sugar and ethylene signaling are known to be closely interconnected (Leon and Sheen 2003) . Because ethylene is also involved in regulating multiple responses of plants to Pi starvation, it will be interesting to determine the relationship between sucrose and ethylene. In our previous work, we showed that the hps1 mutant accumulates high levels of sucrose in its cells and that this causes the plant to become hypersensitive in almost all responses to Pi starvation (Lei et al. 2011a) . To determine the relationship between sucrose and ethylene in the signaling pathway that governs plant Pi responses, we are currently constructing the hps1ein2 double mutant and will soon determine how it behaves under Pi deficiency. We will also grow hps2/ctr1 or hps3/eto1 mutants in a sucrose-free medium to examine whether they can still display ethylene-mediated Pi responses. Elucidation of the relationship between ethylene and other signaling components, such as sucrose and auxin, will increase our understanding of the complicated molecular mechanisms that regulate plant response to Pi starvation.
Materials and Methods
Plant materials and growth conditions
All plants used in this study were of the Columbia ecotype background. The Pi-sufficient medium (P+) used was full-strength MS medium (Murashige and Skoog 1962) with 1% (w/v) sucrose and 1.2% (w/v) agar (Sigma Cat. No. A1296). The Pi-deficient medium (PÀ) was made by replacing 1.25 mM KH 2 PO 4 in the P+ medium with 0.65 mM K 2 SO 4 . Seeds were surface sterilized with 20% (v/v) bleach for 20 min. After three washes in sterile distilled water, seeds were sown on Petri plates containing P+ or PÀ medium. After the seeds were stratified at 4 C for 2 d, the agar plates were placed vertically in the growth room with a photoperiod of 16 h of light and 8 h of darkness at 22-24 C. The light intensity was 100 mmol m À2 s
À1
.
Mutant isolation
About 80,000 EMS-mutagenized M 2 seeds representing about 5,000 M 1 plant lines were used for mutant screening. The EMS-mutagenized lines were generated in this laboratory according to Weigel and Glazebrook (2002) . The roots of seedlings that had grown vertically for 7 d were overlaid with a 0.5% agar solution containing 0.01% BCIP for 24 h at 23 C (Lloyd et al. 2001) . The seedlings with dark blue BCIP staining were identified as putative mutants and were transferred to soil. The plants were self-pollinated, and the mutant phenotypes were confirmed in the next generation. The mutants were back-crossed to the WT plants twice before further characterization.
Quantitative real-time PCR analysis
Total RNAs were extracted from 4-or 8-day-old seedlings with the TIANGEN RNAprep pure plant kit with on-column DNase I digestion (Tiangen Co.). The first strand of cDNA was synthesized using oligo(dT) and TAKARA MLV-Reverse transcriptase. Real-time PCR analysis was carried out on the Applied Biosystems 7500 real-time PCR detection system. UBC mRNA was used as an internal control. The genes and the primers used for detection of their mRNA expression are listed in Supplementary Tables S1 and S2.
Genetic mapping of the HPS3 gene
The mapping population was generated by crossing the mutant hps3-1 to a plant of the Ler ecotype. The F 2 progeny that displayed the mutant phenotype were selected, and DNAs from these seedlings were isolated for molecular mapping. A set of simple sequence length polymorphism (SSLP) and cleaved amplified polymorphic sequence (CAPS) markers were used to map the HPS3 gene. The sequences and chromosomal positions of the molecular markers are listed in Supplementary  Table S3. Quantitative analysis of cellular Pi and total P contents Cellular Pi contents were determined using the method described by Ames (1966) . Basically, the pre-weighed fresh shoot and root tissues were submerged in 1 ml of 1% glacial acetate and were freeze-thawed eight times. A 100 ml volume of the extract was mixed with 200 ml of H 2 O and 700 ml of Pi reaction buffer containing a mixture of [0.48% NH 4 MoO 4 , 2.85% (v/v) H 2 SO 4 ] and [10% (w/v) ascorbic acid] in a ratio of 6 : 1. The reaction was allowed to proceed at 37 C for 1 h. The Pi content was determined at A 820 according to a pre-made standard curve and was expressed as mmol g À1 FW. To determine the total P content, about 50 mg of fresh tissue was oven-dried at 500
C for 3 h and flamed to ash. The ashes were dissolved in 100 ml of 30% (v/v) HCl and 10% (v/v) HNO 3 . A 10 ml volume of dissolved sample was mixed with 290 ml of ddH 2 O and 700 ml of Pi reaction buffer, and the Pi was quantified by Ames's method. The total P contents of plant tissues were determined and expressed as Pi content extracted from flamed ashes.
Measurement of anthocyanin content
Anthocyanins were extracted with propanol : HCl : H 2 O (18 : 1 : 81, by vol.) at room temperature overnight. Absorbance was measured at 530and 650 nm. Anthocyanin content was expressed as A 530 -A 650 g À1 FW.
Quantitative analysis of total APase activity About 50 mg of shoot or root tissues was ground in liquid N 2 , and the total protein was extracted in protein extraction buffer [0.1 M KAc, 20 mM CaCl 2 , 2 mM EDTA, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 20% glycerol, pH 5.4]. For quantitative analysis of total APase activities, 50 ml of extracted proteins were mixed with 620 ml of reaction buffer (10 mM MgCl 2 , 50 mM NaAc, pH 4.9) and 10 ml of p-nitrophenol phosphate (pNPP; 1.0 mg ml
À1
; Sigma, N-2770). After incubation at 37 C for 1 h, the reaction was terminated with 120 ml of 2% SDS. The color that developed was measured spectrophotometrically at 410 nm, and APase activity was expressed as A 410 mg À1 protein (Richardson et al. 2001) .
Quantitative analysis of root-associated APase activity
Root-associated APase activity was measured according to Boutin et al. (1981) with some modifications. The roots were excised from two 8-day-old seedlings of uniform size and transferred to a 2 ml Eppendorf tube containing 620 ml of reaction buffer (10 mM MgCl 2 , 50 mM NaAc, pH 4.9). A 50 ml aliquot of pNPP (1.0 mg ml
À1
) was added to the tubes and incubated at 37 C for 1 h. Then, 120 ml of 2% SDS was added to terminate the reaction, and absorbance was determined spectrophotometrically at 410 nm. The APase activity was expressed as A 410 mg À1 root FW.
Accession numbers
Sequence data from this article can be found in the TAIR database under the following accession numbers: ETO1 (At3g51770), CTR1 (At5g03730), EIN2 (At5g03780), AtPT1 (At5g43350), At4 (At5g03545), ACP5 (At5g27200), RNS1 (At2g02990), miRNA399d (At2g34202) and AtPAP10 (At6g16430).
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Supplementary data are available at PCP online. 
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